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By C. E. Hart, L.. M. Wenzel, and R. T. Craig

SUMMARY

Two baslic temperature feedback control systems were investigated as
means of controlling tailpipe gas temperature of a turbojet engline during
transient operation in the high-speed region.

A proportional-plus-integral control in a temperature - fuel-flow
control system provided satisfactory transient response to a desired step
increase in temperature. For a temperature - exhaust-nozzle-aree control
system, it was necessary to add nonlinear components to the basic
proportional-plus-integral control to provide satisfactory temperature
response during transients.

Several criteria for selecting control-lcop parameters for optimum
transient response were investigated. For the temperasture - fuel-flow
control system, minimization of time integrals of eilther the square or
absolute values of temperature error seemed to be more selective than
other criteria in determining optimum control-loop paremeters. For the
temperature-area control system, none-of the criteris proved adeguate in
selecting optimum loop gain, but they did indicate a choice of control
integral time constant.

Engine dynemics in the high-speed region were determined by synthe-
sizing transfer functions to match experimental frequency-response data.
Over the control operating region investigated, engine temperature - fuel-
flow dynamics could be satisfactorily represented by first-order terms
and a dead time. Similarly, engine temperature-area dynasmics could be
represented by first-order terms and a dead time.

INTRODUCTION

Most control systems for turbojet engines are based on use of engine
speed as the primary controlled variable. Engine temperatures have be-
come important mainly through use as damage-prevention limits and in ac-
celeration schedulee. FEmphasis on speed control is, in part, due to the
ease of measuring speed and the reliability of speed measuring devices.
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In order to provide satisfactory control in the high-speed operating
reglon, it has usually been necessary to add & temperature-limiting device
to the speed control system to prevent-damesge to turbine components. In-~
stead of using temperature limitlng as an auxiliaery to a speed control
system, it 1s possible to use temperature as the primary controlled var-
iable. This report ls concerned with the experimental investigation of
two basic femperature feedback control systems, one using fuel flow to
control tempersture and the other using exhaust-nozzle area to control
temperature. Although a temperature-area control would not be feaslble
as the primary engine control system, it would have application as part
of a two-loop system which includes speed - fuel-flow control.

The object of this investigation was to determine some of the cher-
acteristics and capabilities of temperature feedback control systeme for
turbojet engines. The ability of the control system to control tempera-
ture during transient operation was evaluated by consldering time inte-
grals of functions of temperature error as well as overshoot ratios and
response times. _ ' '

APPARATUS
Engine -

A turbojet engine with an axial-flow compressor, vaporizing-type fuel
injectors, and a two-stage turbine was installed in a sea-level static
test facility for this investigation.

Fuel System

The original fuel system of the engine, with the exceptlion of the
flow dividers and injectors, was supplanted by a research-facility fuel
control which was designed for very rapid fuel-flow changes. Thies control,
described 1n reference 1, consisted of a reducing-type differential-
pressure regulator that maintained a constant pressure drop acrose &
throttle valve. An electrghydraulic servq system was used to vary the
throttle-valve position linearly with input-signal. Throttle area variled
linearly with throitle-valve position and thus fuel flow was proportional
to input signal.

Frequency Fesponse of throttle-valve position to input signal, given
in reference 1, shows that this type of fuel contrcol would not contribute
significant dynamics to the control system within the frequency range
investigated. : - : .

PARA 4
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Variable-Area Exhaust-Nozzle System

A sketch of the varlable-area exhaust-nozzle system is shown in fig-
ure 1. Tt consisted of dual butterfly valves mounted in the tailpipe
about 9 feet downstream of the turbine. The shafts of the two valves were
connected by a mechanical crossarm-type linkege. The upper shaft was
driven by the power stage of an electrohydraulic servo system. Area var-
iations from 73 to 113 percent of rated area were obtainable with this
system. This exhaust-nozzle system was designed for fast response with-
out consideretion of good thrust characteristics.

Figure 2 shows the frequency response of the lower butterfly-valve
position to a sinuscidal input signal for a total area excursion of about
10 percent of rated area.

Instrumentation

Engine speed. - To measure engine speed, a magnetic pickup was in-
stalled in the compressor housing opposite a row of steel compressor rotor
blades. Each blade passing the pickup produced a voltage pulse which was
fed to an electronic circuit whose output was a voltage proportional to
the number of pulses per unit time. Thils voltage provided a good indica-
tion of instantaneous engine speed during transients, since the pickup
and electronic circuit had no measuraeble dynamics in the frequency range
of interest.

' For steady-state speed measureément, the pulses from the magnetic
pickup were fed to a digital counter which determined and displayed actu-
al engine rpm when the proper time interval was selected for the counting
cycle.

Taeilpipe temperature. - Four rakes, each consisting of four chromel-
alumel thermocouples, were used to measure tallpipe gas temperature during
transients. Adjscent thermocouples on each reke were connected in series
to form elght pairs. From one to elght pairs were paralleled to provide
the input signal to the temperature preamplifier.

As a compromise between fast response and durability, 22-gauge wire

was used for these thermocouples. With this size wire, the time constant

of the thermocouples was approximately 0.3 second in the region of opera-
tion selected for the control study.

Thermocouples on two additional rakes, similar to the ones just de-
scribed, were connected to & self-balancing potentiometer for steady-state
temperature measurement.
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Fuel flow. - The position of the throttle valve in the fuel control
was measured by means of & linear variable differential transformer. The
resulting position signal was the best obtainable—indication of fuel flow
during transients. Actual fuel flow into the engine is affected by the
dynamics of the fuel manifold and flow dividers between the fuel valve
and the engine. -

A rotameter was used for steady-state fuel-flow measurement.

Exhaust=nozzle area. - A rotary variable differential itranasformer
was used to measure the posltion of the lower butterfly valve. The sig-
nal obtained was used as an indlcation of exhaust-nozzle ares during
transients, although actual area did not vary exactly linearly with posi-
tion of the butterfly wvalves.

For steady-state ares measurement the position of the lower butter-
fly valve was indicated by a precisgion direct-current meter which meas-
ured the voltage on the arm of a linear wire-wound potentiometer con-
nected to the lower shaft. Accurate area determinstion could be made by
using the meter reading and an area calibration curve.

Recording equipment. - Transient data were recorded on a direct-
writing six-channel oscillograph recorder. The recoprder pens, when used
with equalizing amplifiers, had a frequency response essentially flat to
100 cycles per second. A recorder chart—speed of 25 millimeters per sec-
ond was used. T

For sinusoidal data a galvanometric light-beam oscillogreph recorder
was used. Flat frequency response beyond 100 cycles per second, high
senslitivities, and high chart speeds were obtainable with this equipment.

Analog computing equipment. - Circults for calculating time integrals
of the square and sbsolute value of temperature error were set up using
linear and nonlinear elements of an electronic anslog computer. These.
circuits are shown in figure 3. A two-stage R-C filter was used to re-
duce noise in the temperature-error signal. An electronic multiplier per-
formed the squaring operation. The integral values obtained were used in
evaluating transient response of controlled temperature, as will be dis-
cussed 1in the section Controlled Engine Data.

CONTROL SYSTEMS

A block diagram representative of the basic temperature feedback con-
trol systems used for this investlgation is shown i1n figure 4. In these
systems the indicated temperature signal was compared with the desired
temperature reference level, and the difference or &rror signal was applied
to the input of the control. The control modified the error signal ac-
cording to the control transfer function. The resulting control signal

2127
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was applied to the input of the fuel or area servo system, which changed
fuel flow or area until the temperature-error signal became zero. Pro-
vision for step change 1n temperature reference level was included for
transient operation.

Temperature - Fuel-Flow Control

The temperature summing network and control components for the
temperature - fuel-flow control system were set-up on an electronic ana-
log computer as shown in the circuit diagram of figure S(a). Control
gain and integral time constant could be varied separately. Alsoc shown
in figure S(a) is a rate-limiting circuit that was inserted at point B
in the control loop to limit the rate of change of fuel flow. The ef-
fects of slower fuel-valve action on control-loop-parameter selection
will be discussed in the section "Rate-limited fuel control.”

Temperature-Area Control

Figure 5(b) shows the computer circuit diagram of the temperature
summing network and control componente used for the temperature-area
control system. The control cilrcuitry for this system was more com-
plex than that of the temperature - fuel-flow control system. Because
of results encountered in a previous speed-aree control-system study
(ref. 2), it was found necessary to add nonlinear components to the con-
trol. These components were a diode limiter on the input to the area
servo control, and a relay and relay triggering clrcult.

During the previous speed-area control-system study (ref. 2), it was
found that, when the area butterfly valves opened to a position corre-
sponding to approximately 113 percent of rated area, further lncrease in
input signal to the area servo system did not increase area. This was
due to the limitation on meximum area obtainable with the butterfly
valves fully open. Thus, when operating with a closed-loop system and a
proportional-plus-integral control, the control output signal at times
would exceed the area servo-system input level corresponding to the satu-
ration limit (113 percent rated area). When this happened, an excessive
charge would build up on the integral component of the control, which
delayed the closing of the area valve when the error signal decreased.
This produced poor control performance, that 1s, large overshoots.

For the temperature-area control-system study, the bias voltages of
the limiter diodes were adjusted to limit the input signal to the area
servo system to values correspondling to approximstely 85 and 113 percent
of rated area. The maximum area was determined by the particular area-
valve design and tailpipe that were used. The minimum area was arbitrar-
ily chosen.
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The blas voltage of the relay triggering circuit was adjusted so
that the relay closed when the input signal to the ares servomotor control
decreased below the value corresponding to 85 percent of rated area.
Closing the relay, in effect, stopped the integral action of the control
by adding an equal but opposite-sign error signal to the input of the in-
tegrator. A similar triggering circuit could have been added to operate
the relay at the meximum area limit but was not deemed necessary for this
study because the initial and maximum excursion of the area valves was
toward the closed position. -

PROCEDURE

The experimental program consisted of (1) a determination of engine
dynamics in the high-speed region ofoperation and (2) a study of con-
trolled engine transient response and control stability 1limit for the two
basic tempersture feedback control systems.

Engine dynamics were obtailned from frequency-response data. Sinu-
soidal input signals were applied to the fuel control and area control,
and responses of engine variables were recorded. Frequency-response
plots were made and analytical transfer functions, mede up of engine and
ingtrumentation dynemics, were fitted to these plots.

The engine was operated on control using the systems shown in fig-
ures 4 and 5. Step inputs were applied to increage the temperature ref-
erence level an amount equal to approximately 7 percent of rated tempera-
ture. Control galn and Integral time constant were varied over a range
of values, and responses of engine variables were recorded. Time inte-~
grals of the square and absolute value of temperature error were calcu-
lated and recorded. A rate-limiting circuit was added to the
temperature - fuel-flow control system, -and the same procedure followed.
The stability 1limit for both control systems was investigated by increas-
ing control galn until the system became and remained oscillatory.

RESULTS AND DISCUSSION
Engine Dynamics

Regponse of temperature to fuel flow. - Experimental data represent-
ing the frequency response of indicated tailpipe gas temperature to indi-
cated fuel flow at constant area are shown in fligure 6. These data were
taken In the same region of engine operation as selected for the control
study. The data shown in figure 6(&) and all subsequent amplitude-ratio
data have been normalized (that is, the product of all constant gain terms
have been set equal to unity).

2T72%
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The normalized temperature - fuel-flow transfer function correspond-
ing to the data of figure 6 can be represented by

-t 8
(L + atgs) (1 + T98)G(s)e d,f

— 1
Ao () A (L + Te8) (1 + T28) (1 + TyB) (1)
1
where -Tf;—agg- represents the thermocouple dynamics (symbols are de-
-t s
4a,f

fined in sppendix A), G(s)e represents the fuel-distribution-system
and combustlon dynamics, and the remaining terms are included in the actu-
al temperature - fuel-flow engine dynamics. Combustion dynamics, usually
considered part of englne dynamics, could not easlly be separated from

fuel-distribution-system dynamics because of the difficulty of measuring

1+ Tls

actual fuel flow into the engine during transients. The terms TF ts
2

were included to represent a long time-constant phenomenon believed due

to a heating-expansion effect in the turbine section. This phenomenon

has usually been neglected in previous dynamic studiles.

In figure 6 are shown calculated frequency-response curves of equa-
tion (1). Numerical values for the various terms were obtained by graph-
ical methods described in appendix B.

Response of temperature to area. - Figure 7 shows data representing
the frequency response of indicated tailpipe gas temperature to exhaust-
nozzle area at constant fuel flow. These experimental data were also
teken in the same region of engine operation as selected for the control

study.

The normelized temperature-area transfer function corresponding to
the data of figure 7 can be represented by

-td,aS
ATy (s) _ (1 + b7 s)}(1 + ;ys) e (2)
AA Wo (1 + T 8) (1 + T,8) (1 + Tgs)
where N S represents the thermocouple dynamics and the remaining

1l + Tus
t
terms represent the actual temperature-area engine dynemics. Also in-

cluded in this transfer function are the two long time-constant terms
previously mentioned.

Calculated frequency-response curves of eaquation (2) are also shown
in figure 7. Numerical values used for the various terms were also ob-
tained by graphical methods described in appendix B.
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Stabllity-limit check. - ¥From the frequency-response plots, predlc-
tions of stability limits for the basgic temperature feedback control sys-
tems can be made. PFor the temperature - fuel-flow control system, the
date presented in figure 6(b) indicate that a 1709 to 180° phase shift oc-
curs in the frequency range of 2.0 to 2.2 cycles per second. Considering
negligible phase shift in the fuel system and less than 10° phase shift
in the control (for T, = 0.5 sec), a total open-loop phase shift of 180°
would occur in this same frequency renge, 2.0 to 2.2 cycles per second.
From the amplitude-ratioc data presented in figure 6(a), the loop gain at
instabillity should be in the range of 5.7 to 6.9. PFor this report, loop
gain 1s defined as the product of all the frequency invarlant gains
around the loop. ’

Recordings of engline speed and tallplpe gas temperature taken during
experimental determination of stebllity limit for a temperature - fuel-
flow control are shown in figure 8. The loop galn necessary for sustained
osclllation was 6.3 and the oscillation frequency, determined from the
temperature trace, was approximately 2.2 cycles pér second. Thus the
stability-l1imit predictions from open-loop frequency-response data are
substantiated very well by experimental measurements.

Similar predictions can be made from the temperature-area frequency-
responsge date; however, the area-system dynamics must also be considered.
For this control system, loop galn at instebility should be 40 and os-
cillation frequency should be 7 to 10 cycles per second. Experimental
determination of stabllity limit for this system was unobtainsble due to
noise limitations of the temperature signal at the high loop gains
required. ) - o

Controlled Engine Data

Tempersture - fuel-flow control. - Good control performance during
transients depends on proper selection of control-loop parameters (that
is, in this case, loop gain and control integral time constant). Two
often-used criteria for evaluating transient response are overshoot ratio
and time-to first zero. Figure 9 shows plots of these criteria (defined
on fig. lo(a)) obtained from translent-response recordings when operating
with a temperature - fuel-flow control. It 1s often difficult to select
the best combination of control-loop perameters usling these criteria.
This is borne out by exsmination of the transient-response recordings
presented in figure 10.

Flgure 10 shows transient responses of fuel-valve posltion, tempera-
ture error, and engine speed to step changes 1n desired temperature. The
transient of figure 10(a) was obtained using a control integral time con-
stant 7T, of 0.25 second and a loop gain Ky of 1.14~ This combination

of control-loop parameters gave a temperature overshoot ratio of 1.12 and

212y
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a time to first zero of 0.46 second. The time to first zero could be
reduced by increasing the loop gain; however, this was accomplished only
at the expense of greater overshoot ratio, as shown in figure 10(b). For
this transient, T, was kept at 0.25 second and Xj was increased to
3.03. The time to first zero was reduced to 0.23 second, but the over-
shoot ratio was increased to 1.58. This overshoot 1s considered too
great and the response too oscillatory for good control performance.

FPigure 9 indicates that at a constant loop gain (greater than 2.5)
the overshoot ratio can be decreased without greastly affecting the time
to first zero by increasing <T,. Figure 10(c) shows the transient re-

sponses for T, of 4.0 seconds and Kj of 3.03. The overshoot ratio

was decreased to 1.10 and the time to first zero was increased slightly
to 0.26 second. According to the plots of figure 9, these criteria val-
ues would indicate good control performance. However, a closer look at
the temperature response in figure lO(c) shows & long drift-in or set-
tling time. For many control systems this would be considered undesir-
able. Thus, this example shows a shortcoming of using the overshoot
ratio and the time to first zero as criterie for selecting control-loop
parameters for good control performance.

A discussion and evaluation of criteria for optimizing transient
response of control systems are given in reference 3. Two of the cri-
teria discussed in this reference were used in this temperature control-
system investigation. These were the time integrals of the square and .
absolute value of temperature error. Circuits for automatically calculet-
ing these integrals during transients were set up on an electronic analog
computer, as shown in the diasgram in figure 3.

Shown in figure 11 are plots of the integral criterla values obtained
during transient operation with a temperature - fuel-flow control system.
The curves which give the least values for the integrals indicate the ap-
proximate values of control integral time constent and loop gain to use

for optimum transient response. The criterlion \j\ Tg dt indicates =a
0

range of T, from 0.75 to 1.0 second end of Xy from 2.5 to 3.5 as giv-
ing optimum transient response. The other criterion \jﬂ [Te|dt indi-
0

cates a range of T, from 0.5 to 0.75 second and of Ky from 2.0 to 3.0.

Although these two criteria indicate slightly different ranges of
control-loop parameters for optimum trensient response, both cholces of
optimum response are characterized by a satisfactory compromise between
overshoot ratlo and time to first zero.
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Transient responses for T, of 0.75 second and K;, of 2.85 Cparam—

-]

eters selected by j‘ Tz dt criterion) are shown in figure 12(a). Over-
(0]

shoot ratio is 1.21 and time to first zero is 0.27 second. Figure 12(b)

shows transient responses for T, of 0.5 second and Kp, of 2.27 (param-

eters selected by \JN ITeIdt criterion). Here overshoot ratio is 1.15
(0]

and time to first zero 1s 0.30 second. Settling time for both of these
transients 1s much shorter than for the transient of figure 10(c).

An analysis of optimum controls for linear feedback control sys-~
tems was made and 1s presented in reference 4. One of the control sys-
tems considered in this analysis was a speed - fuel-flow conbrol for a
turbojet engine. Linearized engine dynamics were represented by a first-
order lag term, and the fuel system was considered as having only dead
time. The control action of the optimum control for this system was
shown to be essentially proportional-plus-integral. Optimization of
control-loop parameters was based on minimlzation of the integral of
speed error squared.

The temperature - fuel-flow control system can be considered in the
light of this analysis if certain simplifying essumptions are made re-
garding the system dynamics. An approximation of the frequency-response
data presented in figure € can be made with a first-order lag term having
a time constant of-approximately 0.4 second and a dead time of approxi-
mately 0.115 second. "By using these simplified dynamics, this control
system is comparable with the speed - fuel-flow control system of ref-
erence 4. B ’

Accordingly, the optimum loop gain should be the system time con-
stant, 0.4 second, divided by the dead time, 0.115 second, or
- 0.4 _
Ki,opt = 531e 3.5. Also, the optimum control ingegral time constant
should equal the system time constant, or Tc,opt = 0.4 second. Compar-

ing these theoretical optimum parameters with the range of parameters
(tc from 0.75 to 1.0 second and K from 2.5 to 3.5) obtained from the

experimental integral curves of figure 11(a) shows good agreement in spite
of the simplified approximation of the system dynamics.

Rate-limited fuel control. - Since the research-facility fuel control
was conslderably faster than any practical fuel control now in use on tur-
bojet engines, a control study similar to that discussed in previous sec-~
tlons was made with a rate-limited fuel control. A rate-limlting circuit
was inserted between the control and the fuel servo system. This circuit
limited the maximum rate of change of fuel flow to approximately 140

PARA 4
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percent of rated fuel flow in Q.1 second. Although this rate may be
greater than that of a practical fuel control, it was considered suffi-
clently less than the original rate to show the effects on control per-
formance of a slower fuel control.

Figure 13 shows plots comparing integrals, overshoot ratios, and
times to first zero for the original and rate-limited fuel control. Inte-
gral criteria values were higher for the rate-limited fuel control, but
minimums indicated about the same choice of control integral time con-
stant and loop galn for optimum transient response. The rate-limited
fuel control gave slightly greater times to first zero than the original
control. At small values of Te the rate-limited control gave more tem-

perature overshoot than the original control, and at large values of T,

the rate-limited control gave less temperature overshoot than the original
control. The optimum transient response for the rete-limited fuel control
still indicated a satisfactory compromise between overshoot ratio and time
to first zero.

Temperature-area control. - Four criteria for evaluating transient
temperature response for the temperature-area control system are shown in
figure 14. Three of these criteria are the same as used for the
temperature - fuel-flow control system. Since there was no temperature
overshoot for many of the transients taken with the temperature-srea con-
trol system, another criterion, time for T, %o reach 10 percent of its

initial value, was used instead of time to first zero.

The integral criteria curves of figures 14(a) and (b) show no defi-
nite minimums, in contrast with the integral criteria curves for the
temperature - fuel-flow control system (fig. 11). These curves indicate
that a small 7T, should be used but are not very selective as to loop

gain for optimum transient response.

The overshoot-ratio curves of figure 14(c) show & reverse trend to
that usually found in control systems. Overshoot ratio decreases with
increasing loop gain. These curves are not very helpful in selecting
control-loop parameters for optimum transient response other than indi-
cating that loop gain should probably be >3 and 7T, = 0.25 second.

The fourth criterion, presented in figure 14(d), also indicates that
a small T, should be used, at least for loop galns less than 6. At
higher loop gailns these curves are not very selective as to T.. These
curves show that the minimum 1O0-percent response time obtainable with the
temperature-area control system was about three times the minimum time to
%irst z§ro obtainable with the temperature - fuel-flow control system
fig. 9).
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In figure 15 are shown transient responses of engine speed, exhaust-
valve position, and temperature error for the temperature-area control
system. To obtain the desired increase in temperature, the control
closed the area valves; but in this case the speed decreased instead of
%ncreasi?g as it—did with the temperature -~ fuel-flow control system

fig. 12).

Figure 15(a) shows the transient responses for T, of 0.25 second
and Ky of 3.74. This combination of control-loop parameters gave very

slight temperature and speed overshoots. The time for T, %o reach 10
percent of its initial value wes epproximately 0.66 second. The exhaust-
valve-position trace shows that the area closed quickly and remained at
the limiting position (85 percent of rated area) for approximately 0.4
second and then opened slowly to the steady-state position corresponding

to the final desired temperature.

212%

Translent responses for T, of 0.25 second and Ky of 9.96 are

shown in figure 15(b). There was no temperature overshoot and very

slight speed overshoot. The time for T to reach 10 percent of its

initlal value was approximately 0.63 second. During this transient, the

exhaust valves remained at the limiting positlion for approximately 0.58

second and then very quickly opened to the final steady-state position. -

The 1O-percent response times obtained from the transient data of
figure 15 do not clearly indicete a cholce of-loop geain; bubt; considering
the area traces, it would be preferable to use the lower value of loop
gain. At the higher loop galn the srea valve is more sensitlive to the
nolse in the temperature signal.

CONCLUDING REMARKS

In the high-speed operating region, tallpipe gas temperature could
be satisfactorily controlled during small transients by using temperature
feedback control systems which varied either fuel flow or exhaust-nozzle
area. A proportional-plus-integral control in a temperature - fuel-flow
control system provided satisfactory transient response to & desired step
increase in temperature. For a temperature-area control system, it was
necessary to add nonlinear components to the basilc proportional-plius-
integral control to provide satisfactory temperature response during
transients. :

For the essentially linear temperature - fuel-flow control system,

@ L]
error function integrals such as Lj\ TE dt and \j\ ITeIdt (where Te
0 0

is the temperature error and t 1s time) appeared to be better criteria -
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than overshoot ratio and time to first zero for selecting coantrol-loop
parameters for optimum transient temperature response. Control-loop
parameters selected on the basis of these integral criterla agreed very
well with optimum predictions of a previous analysis.

Limiting the rate of change of fuel flow did not appreciably alter
the selection of control-loop paraemeters for optimum transient tempera-
ture response.

For the temperature-area control system, which 1s nonlinear because
of area saturation limits, the integral criteria, the overshoot ratio,
and the time for T, <+to reach 10 percent of its initial value were some-
what inedequate for selecting loop gain for optimum transient tempersature
response. However, these criteria did indicate that a small control inte-
gral time constant should be used.

The transfer functions given by equations (1) and (2) provided a
satisfactory description of engine and instrumentation dynamics in the
high-speed operating region.

Lewls Flight Propulsion Laborstory
National Advisory Committee for Aeronautics
Cleveland, Ohio, January 18, 1957
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APPENDIX A

SYMBOLS
exhaust-nozzle area, sq in.

initial rise ratio of temperabure to step change in fuel flow
at constant area

initial rise ratio of temperature to step change in area at
constant fuel flow

voltage . . B -

transfer function

loop gain, product of-frequency invarian? gains around loop N
optimum loop galn

engine speed, rpm

complex variable used in Laplace transformetion methods
error between indicated and reference temperatures, °OF
indicated tallpipe gas temperature, OF

time, sec

dead time of temperature or speed to area, sec

dead time of temperature or speed to fuel flow, sec
indicated fuel flow (< fuel-valve position), 1b/hr
control integral time constant; sec

optimum control integral time constant, sec

engine time constant, sec

“thermocouple time constant, sec

time constant of a lead term of engine dynamics, sec

time constant of-a lag term of engine dyngmics, gec

212%
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APPENDIX B

METHOD OF OBTAINING ENGINE DYNAMICS FROM
FREQUENCY-RESPONSE DATA

Graphical methods can be applied to the speed and temperature
frequency-response data to evaluate the various time constants, dead
times, and initial rise ratios of equations (1) and (2). These methods,
which will be described in this appendix, are based upon the manipulation
of various tramsfer functions. Derivation of transfer functions describ-
ing engine dynamic behavior can be found in reference 5.

The engine time constant can be obtained from the speed-area
frequency-response data shown in figure 16. The normelized transfer
function of engine speed to exhaust-nozzle area at constant fuel flow
can be represented by

AN -td. as
- _€ J
A (S) _—_— (Bl)

g 1+ T8

By fitting a first-order response curve to the experimental date in fig-
ure l6(a), an engine time constant of 0.83 second was determined. Also,
by consldering the difference between the experimental data and the filrst-
order phase-shift curve in figure 16(b), a speed-area dead time of 0.021
second was determined.

The normalized transfer function of engine speed to indicated fuel
flow at constant area can be represented by

-t s

- G(s)e T (B2)

l + T s

AN (s)
Avigp A e

Bxperimental data representing the speed - fuel-flow frequency response
are shown 1in figure 17. Also shown in this figure are calculated first-
1 .
——]_—I,r—es—' with ’Ce = 0.83 second. The differ-

ence between these response curves and the experimental data represents

order response curves of

-t 8
G(s)e d,f , the fuel-distribution-system and combustion dynamics. Plots
of these dynamics are shown in figure 18.

The normalized transfer function of indicated tallpipe gas tempera-
ture to indicated fuel flow at constant area can be represented by
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(1 + atgs)(1 + fcls)G(s);td;fs

1
Avgp (s) A (T+7_8)(1 + 7Tp8) (1 +7y8)

(1)

Dividing equation (1) by equation (B2) results in the following
equation:

(L + ats)(1 + ty8)
A - Ty8) (L + Tos)

%?@) (B3)

Data corresponding to equation (BS) can be calculated from the experi-
mental deta of figures 6 and 17. Plots of these calculated data are
shown in figure 19. Also shown in figure 19 are calculated frequency-
response curves representing equation (B3). Numerical values for the
rise ratio and time constants were chosen to meke the response curves
fit the data with reasonsable accuracy. Thus values for initilal rise
ratio a of 1.3 and for thermocouple time constant Ty of 0.3 second
were determined. Time conegtants of 9 and 10 seconds were used for the
other lead asnd lag terms of the engine dynamics.

The normalized trensfer function of indicated tallpipe gas tempera~
ture to exhaust-nozzle ares at constant fuel flow can be represented by
a 8

(1 + brs)(L + Tys)e 2%

I T8 H1 +To8) (1 + Ty8)

(2)

AT,
o (8)
AR 1.
£

The dead time and all the time constants of this tranafer function have
been determined by the methods described in the preceding paragraphs.
Thus, by extracting the product of-all the terms except 1 + bTes from

the data corresponding to this transfer function (fig. 7), plots of

1+ bTes were obtained. These plots are shown in figure 20. By fitting
a first-order response curve to these calculated data, a value for the
initial rise ratio b of approxiwmately 0.4 was determined.

The numerical values of the time constants, dead time, and initial
rise ratios determined by the methods described in this appendix are
valid in the range of operation where the frequency-response data were
obtained. Since these values vary with operating range, a more complete
description of engine dynamics could be obtained from frequency-response
data teken at several operating points.
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Figare 2. - Frequency response of exhaust-valve position to simusolidel input signal. Area variatlon, &5 per-
cent of rated area; cperating point, 100 percent of rated area.
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Figure 3. - Diagram of computer cirecuilt used to obtailn error Integrals. Resistance in megohms,
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Figure 10. - Transient responses to step increase in reference temperature for tempersture - fuel-
flow control system.
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Flgure 16. - Concluded. Freduency response of engine spead to sxhauat-nozzle srea at constant fuel flow.
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Figure 17. - Frequency response of engine speed to indicated fuel flow at constant aree.
of rated speed; operating point, 95.5 percent of rated speed.
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Figure 18. - Frequency response of fuel-distribution-system and combustion dynemics G{s)e a,r .
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Figare 18. ~ Concluded. Frequency response of fusl-distribution-system and combustion dynamics (?;(s)e-t‘"'fu
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Figure 19. - Frequency response of indicated tailpipe gas temperature to engine speed at constant ares.
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Figure 19. - Concluded. Frequency response of :I.ndica?;ed tailpipe gas temperature to engine speed at constant area.
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Figure 20. - Calenlated frequency response of englne lead term 1 + btes.
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